Acute respiratory distress syndrome constitutes a significant disease burden with regard to both morbidity and mortality. Current therapies are mostly supportive and do not address the underlying pathophysiologic mechanisms. Removal of protein-rich alveolar edema-a clinical hallmark of acute respiratory distress syndromeis critical for survival. Here, we describe a transforming growth factor (TGF)-b-triggered mechanism, in which megalin, the primary mediator of alveolar protein transport, is negatively regulated by glycogen synthase kinase (GSK) 3b, with protein phosphatase 1 and nuclear inhibitor of protein phosphatase 1 being involved in the signaling cascade. Inhibition of GSK3b rescued transepithelial protein clearance in primary alveolar epithelial cells after TGF-b treatment. Moreover, in a bleomycin-based model of acute lung injury, megalin 1/-animals (the megalin -/-variant is lethal due to postnatal respiratory failure) showed a marked increase in intraalveolar protein and more severe lung injury compared with wild-type littermates. In contrast, wild-type mice treated with the clinically relevant GSK3b inhibitors, tideglusib and valproate, exhibited significantly decreased alveolar protein concentrations, which was associated with improved lung function and histopathology. Together, we discovered that the TGF-b-GSK3b-megalin axis is centrally involved in disturbances of alveolar protein clearance in acute lung injury and provide preclinical evidence for therapeutic efficacy of GSK3b inhibition.
With an incidence of approximately 200,000 patients annually in the United States, acute respiratory distress syndrome (ARDS) constitutes a significant disease burden with regard to both morbidity and mortality (1, 2) . Treatment strategies for ARDS are supportive, and do not address the underlying pathophysiologic mechanisms. The accumulation of proteinrich alveolar edema (protein concentrations reach approximately 40-90% of plasma levels [3] ), secondary to endothelial and epithelial injury, causes severe impairment of gas exchange and, therefore, hypoxia, which lead to further disruption of alveolar epithelial function and fluid balance (4) . Elevated levels of precipitated protein can be found in the alveolar space of patients with ARDS. Importantly, nonsurvivors of ARDS exhibit threefold-higher levels of precipitated protein in edema fluid than do survivors of the disease (5) . Therefore, removal of excess protein from the alveolar space is essential for the resolution of ARDS. We have previously demonstrated that, in rabbit lungs as well as in primary alveolar epithelial cell (AEC) monolayers, albumin (the most abundant protein in the plasma) is actively transported across the alveolar epithelial barrier by a highcapacity endocytic process mediated by megalin, a 600-kD glycoprotein member of the low-density lipoprotein receptor superfamily (6, 7) .
Transforming growth factor (TGF)-b has been described as a key mediator, not only of the late fibroproliferative phase of ARDS, but also in early injury (8) . In various murine models of acute lung injury (ALI), TGF-b impairs epithelial permeability and transepithelial sodium transport capacity, thus promoting pulmonary edema (9, 10) . Similar findings have been described in human patients with ARDS (8, 11) .
Glycogen synthase kinase (GSK) 3 is a ubiquitously expressed, highly conserved serine/threonine protein kinase signaling molecule found in all eukaryotes (12) . GSK3 participates in a wide spectrum of cellular processes, including glycogen metabolism, transcription, translation, cytoskeleton regulation, intracellular vesicular transport, cell cycle progression, and apoptosis (12) (13) (14) . In the cell, GSK3 is constitutively phosphorylated, and thereby inactivated. To be activated, GSK3 must be dephosphorylated (14, 15) . Mammals express two GSK3 isoforms, GSK3a (51 kD) and GSK3b (47 kD) , that are 98% structurally identical (13, 16) . GSK3b is the more abundant and better understood isoform, as several studies have linked GSK3b dysregulation, particularly hyperactivation, with various pathological conditions, including diabetes mellitus, inflammation, pulmonary hypertension, and Alzheimer's disease (16) (17) (18) (19) . Thus, GSK3 inhibitors comprise an interesting group of potential therapeutics for human disease.
In the present study, using primary alveolar type II cells, human A549 cells, and a murine model of ALI, we demonstrate that inhibition of GSK3b increases protein clearance, and thus promotes the resolution of ALI. In addition, we identify a novel molecular pathway linking activation of TGF-b to GSK3b. Collectively, our findings may suggest a potential role for GSK3b inhibition as a novel therapeutic approach in ARDS.
Materials and Methods
Methodologies addressing alveolar epithelial gene transfer, assessment of signaling molecules, lung function, and injury in the model of bleomycininduced ALI have been described in detail previously (6, 7, (20) (21) (22) (23) . A brief description of materials and methodologies is provided in the online supplement.
Study Approval
All animal experiments were conducted according to the legal regulations of the German Animal Heterozygous megalin knockout mice display impaired protein clearance and more severe lung injury than wild-type (WT) littermates. WT C57BL/6 or heterozygous megalin knockout mice (megalin 1/2 ; 6-to 8-wk old, 20-25 g) were orotracheally injected with bleomycin (Bleo) (3.5 U/kg in 80 ml of 0.9% saline) or 80 ml of 0.9% saline alone. At 10 days after bleomycin treatment, the severity of acute lung injury (ALI) was assessed. (A) Representative examples of hematoxylin and eosin (H&E)-stained lung tissues from control (vehicle-treated) mice, and bleomycin-induced ALI in WT littermates or megalin 1/2 mice are shown. Scale bar: 50 mm. ALI score (B) and bronchoalveolar lavage (BAL) protein concentration (C) in WT or megalin 1/2 mice treated with vehicle or bleomycin at Day 10 after treatment and body weight (D) at baseline and on Days 2, 6, and 10 after treatment are depicted. Data represent mean (6SEM). *P , 0.05, **P , 0.01, ***P , 0.001; n = 4-7 per group. n.s., not significant. 
GSK3β-P GSK3β V5 Figure 3 . Glycogen synthase kinase (GSK) 3b mediates the TGF-b1-induced decrease in transepithelial protein clearance. (A, upper panel) Serumstarved AECs were treated with TGF-b1 and were lysed at the indicated time points, and phosphorylation status of GSK3b at the serine-9 residue was assessed by Western blot analysis. A representative Western blot is shown. Data represent mean (6SEM). **P , 0.01, ***P , 0.001. (A, middle panel) At 24 hours after isolation, AECs were transfected with a constitutively active GSK3bS9A or an empty vector (EV) and activation of GSK3b was measured as described above. A representative Western blot is shown. Data represent mean (6SEM). *P , 0.05. AECs were treated with TGF-b1 or transfected with GSK3bS9A, as described above, and FITC-albumin binding (A, lower panel), uptake (B), or transepithelial transport (C) were measured by fluorescence after 1-hour incubation (n = 6). Data represent mean (6SEM). ***P , 0.001, ****P , 0.0001. (D, upper panel) AECs were transfected with a scrambled siRNA (ctrl) or a specific siRNA against GSK3b and, 48 hours later, cells were exposed to TGF-b or vehicle for 30 minutes and subsequently to FITC-albumin for 1 hour, and binding (D, lower panel), uptake (E), and transepithelial transport (F) of FITC-albumin were measured by fluorescence (n = 6). Data represent mean (6SEM). ****P , 0.0001. c t r l T G F  1 inhibitors, CA and OA, respectively, identical to the treatment protocol described above. Scale bars: 50 mm. AECs were transfected with siPP1 (E, upper panels) or the catalytic PP1g subunit (E, middle and lower panel). At 48 hours after transfection, cells were serum starved and treated for 5 minutes with TGF-b1. Cells were then lysed and phosphorylation status of GSK3b at the Ser-9 residue was assessed by Western blot analysis. Representative immunoblots are shown. Data represent mean (6SEM). **P , 0.01 (n = 3). AECs were transfected with siPP1 or PP1g, as described above, and were exposed to TGF-b1 or vehicle for 30 minutes and subsequently to FITC-albumin for 1 hour and binding (F), uptake (G), and transepithelial transport (H) of FITC-albumin were measured (n = 4). Data represent mean (6SEM). **P , 0.01, ***P , 0.001.
electrical resistance (TEER) of greater than 1,200 V$cm 2 . A549 cells were plated on 60-mm cell culture dishes. Measurements of cellular binding, uptake, and transepithelial transport of FITC-labeled albumin have been described previously (6, 7) . Briefly, cells were incubated with 50 mg/ml FITC-albumin dissolved in Dulbecco's PBS containing 5 mM glucose (DPBS-G; PAN Biotech, Aidenbach, Germany) and 0.1 mM CaCl 2 dihydrate (Calbiochem, San Diego, CA), 0.5 mM MgCl 2 $6H 2 O for 1 hour. At the end of the experiments, buffer samples were taken from the basolateral side of the permeable support to assess transepithelial transport of FITC-albumin. Cells were then rinsed three times with ice-cold PBS and were incubated with 0.5 ml of ice-cold Solution X (DPBS-G, 0.5 mg/ml trypsin, 0.5 mg/ml proteinase K, 0.5 mM EDTA) before being scraped off the permeable support or cell culture dish. After centrifugation from the supernatant to assess the bound fraction (binding of FITC-albumin to the cell surface), the pellet was solubilized in 0.5 ml 0.1% Triton-X-100 to measure taken-up FITC-albumin. Fluorescence was detected using an Infinite 200 fluorescence spectrophotometer (Tecan, San Jose, CA) at an excitation wavelength of 500 nm and an emission wavelength of 520 nm.
Statistical Analysis
Numerical values are given as the mean (6SEM). Comparisons between two groups were performed using an unpaired, twotailed Student's t test. Intergroup differences of three or more experimental groups were assessed by using a one-way ANOVA with post hoc Bonferoni test. P values less than 0.05 were considered significant. GraphPad Prism 6 for Windows software (GraphPad Software Inc., San Diego, CA) was used for data plotting and statistical analysis.
Results

TGF-b Impairs Transepithelial Protein Transport
We and others have recently shown that megalin drives the transepithelial clearance of albumin, the most abundant plasma protein, through the intact alveolar epithelium (6, 7, 25) . To assess the pathophysiological relevance of megalinmediated removal of excess alveolar protein content, we subjected heterozygous megalin knockout mice to bleomycin-induced ALI. We used heterozygous animals, because homozygous megalin knockout mice die perinatally due to respiratory failure (24) , probably as a consequence of impaired protein and, thus, fluid removal, from the alveolar space. Importantly, heterozygous megalin knockout mice, in which a marked decrease in megalin protein expression in peripheral lung tissues was evident (see Figure E1A in the online supplement), treated with bleomycin exhibited a more severe lung injury ( Figures 1A and 1B) , increased protein content of the bronchoalveolar lavage (BAL) fluid ( Figure 1C) , and more pronounced weight loss 10 days after bleomycin treatment ( Figure 1D ) compared with WT littermate controls, indicating more manifest animal stress. In contrast, BAL cell counts and differentials were not affected by megalin expression ( Figure E1B ).
As TGF-b is a key mediator of ALI, we next set out to determine whether TGF-b regulated the megalin-mediated alveolar protein clearance. Application of pathophysiologically relevant concentrations of TGF-b to primary alveolar epithelial type (AT) II cells significantly decreased albumin uptake, which was completely restored by the TGF-b receptor antagonist, SB431542 (Figure 2A) . Furthermore, TGF-b stimulation led to a decrease in megalin cell surface abundance ( Figures 2B and 2C ). In line with these findings, transfecting primary AECs with a small interfering RNA (siRNA) directed against megalin using nucleofection also resulted in a significant decrease in binding, uptake, and transport of FITCalbumin, which was even more pronounced than in AECs treated with TGF-b alone ( Figures 2D-2F ). Of note, paracellular permeability remained unaltered in all experimental conditions ( Figure E2 ). The cytoplasmatic domain of megalin contains a PPPSP motif, representing a GSK3 phosphorylation site. It has been demonstrated that GSK3 activity is necessary for phosphorylation of megalin, leading to subsequent reduction of megalin cell surface stability (26) . We therefore transfected A549 cells with a 17-amino-acid oligopeptide sequence of the intracellular megalin domain containing the PPPSP motif, thus saturating GSK3 binding sites in the cell, and found a prevention of the TGF-b-induced decrease in FITC-albumin binding and uptake in a concentration-dependent manner ( Figures  2G and 2H ), whereas application of the oligopeptide alone did not affect cellular binding or uptake of FITC-albumin ( Figure E3 ).
GSK3b Mediates the TGF-b1-Induced Decrease in Transepithelial Protein Clearance
GSK3b is activated either by dephosphorylation at serine-9 (15) or phosphorylation at tyrosine-216 (27) . In primary AECs TGF-b stimulation led to pronounced dephosphorylation of serine-9, and thus activation of GSK3b ( Figure 3A) , without affecting the phosphorylation status of tyrosine-216 ( Figure E4 ). In line with these findings, AECs transfected with a constitutively active form of GSK3b (GSK3bS9A) exhibited decreased epithelial clearance of FITC-albumin ( Figures  3A-3C ). Conversely, in AECs in which GSK3b expression was abrogated by siRNA directed against GSK3b, epithelial clearance of FITC-albumin was unaffected by exposure to TGF-b. In cells not treated with TGF-b, but transfected with siRNA directed against GSK3b, alveolar albumin clearance was not significantly different from baseline ( Figures 3D-3F) . Collectively, these data suggested that GSK3b was critically required for the TGF-b-induced inhibition of epithelial protein transport. As Akt is a known upstream regulator of GSK3b (14), we investigated a potential role for Akt in transepithelial albumin transport, and found that neither chemical inhibition nor genetic ablation of the Akt influenced epithelial protein clearance ( Figure E5 ). Furthermore, it has been established that GSK3b is an integral part of the Wnt signaling pathway (28) . However, interestingly, suppression of b-catenin did not alter epithelial protein clearance either ( Figure E6 ), suggesting that neither the Akt nor the Wnt signaling pathway was involved in mediating the impaired protein transport upon TGF-b exposure.
Protein Phosphatase 1 Is an Upstream Activator of GSK3b
GSK3b must be dephosphorylated to be active, and the protein phosphatases (PPs), PP1 and PP2A, have been implicated in the regulation of GSK3b (29, 30) . To investigate whether PP1 or PP2 was involved in the TGF-b-induced dephosphorylation of GSK3b, AECs were incubated with the PP inhibitor calyculin A (CA; PP1..PP2 inhibitor) or okadaic acid (OA; PP2..PP1 inhibitor). Interestingly, the PP1 inhibitor, CA, prevented the TGFb-induced dephosphorylation of GSK3b, whereas OA had no effect on GSK3b phosphorylation ( Figure 4A ). In line with these data, in AECs, CA (but not OA) attenuated the TGF-b1-mediated inhibition of epithelial albumin binding, uptake, and transport ( Figures 4A-4C ). These findings were further confirmed by fluorescence microscopy. AECs incubated with FITC-albumin ( Figure 4D ) exhibited increased uptake of FITC-albumin when treated with CA (compared with OA) after TGF-b1 exposure. Moreover, in AECs transfected with an siRNA against PP1 (siPP1), levels of inactive phospho-GSK3b were increased, even in the presence of TGF-b ( Figure 4E , upper panels).
Complementary to this observation, overexpression of the catalytic g subunit of PP1 in AECs resulted in a significant decrease in the levels of phospho-GSK3b, independent of TGF-b effects ( Figure 4E , lower panel). The upstream regulation of GSK3b by PP1 was also reflected by the effect of PP1 on epithelial clearance of FITC-albumin. Transfection with siPP1 abrogated the TGF-b-induced blunting of albumin binding, uptake, and transepithelial transport, whereas overexpression of the active PP1 g subunit led to a decrease in epithelial albumin clearance comparable to AECs exposed to TGF-b1 ( Figures 4F-4H) , suggesting that the TGF-b-induced impairment of albumin transport required PP1 activity, leading to dephosphorylation of GSK3b.
Nuclear Inhibitor of PP1 Inhibits PP1 and thus Acts as an Upstream Regulator of GSK3b
A major interaction partner of PP1 is the nuclear inhibitor of PP1 (NIPP1) (23, 31, 32) . Thus, we hypothesized that silencing NIPP1 may increase the amount of free PP1, and therefore activate GSK3b. and 5C). In contrast, A549 cells expressing a forkhead-associated domain variant (NIPP1-FHA) with altered mRNA splicing ability, but unchanged PP1 affinity, displayed GSK3b activation ( Figure 5D ) and albumin binding and uptake rates and responsiveness to TGF-b similar to that of NIPP1-WT-transfected AECs (Figures 5E and 5F ). Collectively, these findings suggest that, upon TGF-b exposure, activation of PP1 requires release of the phosphatase from the inhibitory binding partner, NIPP1.
Pharmacological Inhibition of GSK3b after TGF-b1 Treatment Restores Transepithelial Albumin Clearance
Our findings suggest that GSK3b activity is a critical step in the regulation of transepithelial albumin clearance. Therefore, pharmacological inhibitors of GSK3b are an intriguing therapeutic possibility for ALI, as these inhibitors directly target one of the major underlying pathophysiologic principles. We first set out to determine whether clinically applicable pharmacologic GSK3b inhibitors, such as VPA or tideglusib, increase transepithelial albumin clearance in vitro. Importantly, in AECs, incubation with VPA or tideglusib prevented the TGF-b-induced dephosphorylation of GSK3b ( Figure 6A ). Figure 6B depicts AECs that were treated with VPA or tideglusib after TGF-b exposure. Notably, a marked increase in FITC-albumin uptake in these cells was evident. To support this observation, we first exposed AECs grown on cell-culture inserts to TGF-b for 30 minutes before incubation with the respective GSK3b inhibitor, and again found rescued FITC-albumin binding, uptake, and transport, comparable to control conditions ( Figures 6C-6E ).
Inhibition of GSK3b with VPA or Tideglusib Attenuates ALI in Mice
Orotracheal instillation of bleomycin in mice results in lung injury, which peaks 3-5 days after instillation, and is followed by a resolution phase (9, 33) . As the clinical use of VPA is already well established, we first treated 6-to 8-week-old mice with 60 mg/kg (orotracheally) VPA daily starting 2 days before-and continuing 10 days after-the bleomycin challenge. We found that the animals treated with VPA had significantly less BAL protein as well as improved ALI scores and lung function ( Figures E7A-E7G ). In contrast, intraperitoneal treatment with VPA had no appreciable effect at the concentrations applied (2.5-fold higher than the orotracheal concentration, already causing some level of sedation; Figures E7C-E7G) , demonstrating the clear benefit of directly targeting the distal airspaces. Aside from inhibition of GSK3b, VPA is also known to inhibit histone deacetylases (HDACs) (34); however, in our in vitro model, inhibition of HDAC by a potent inhibitor, suberoylanilide hydroxamic acid, did not affect epithelial albumin clearance ( Figure E8 ).
As the protective effects of VPA in ALI might have been mediated, at least in part, by GSK3-independent events, we also applied a novel and specific GSK3b antagonist, tideglusib, in our ALI model ( Figure 7A ). Importantly, similar to our findings in the VPA-treated animal group, histological analyses of mice treated with tideglusib revealed a significantly decreased severity of lung injury compared with mice treated with bleomycin alone (Figures 7B  and 7C) . Furthermore, the protein content of the BAL fluid and wet:dry ratio were significantly lower in the animals treated with tideglusib than in the animals treated with bleomycin and vehicle ( Figures 7D  and 7E ). The improved overall state of the animals was also evident by an increased body weight ( Figure 7F ) in the tideglusibtreated group. Pulmonary compliance was significantly reduced in the bleomycintreated group, which indicated a decrease in the elasticity of the lung tissue, a characteristic of lung injury. Treatment with tideglusib also significantly improved lung function when compared with bleomycin-treated mice that received vehicle ( Figures 7G-7I) . Moreover, tideglusib treatment did not affect BAL cell counts or differentials (data not shown), suggesting that the protective effects of tideglusib were independent of recruitment of inflammatory cells upon lung injury.
Discussion
Identifying the mechanisms that impair removal of excess protein from the alveolar space is of great clinical importance, as interfering with these events may facilitate the resolution of ARDS. As megalin has been recently identified as a major player in alveolar protein homeostasis, in the present study, we set out to identify the molecular mechanisms regulating the function of this multiligand receptor in the setting of lung injury, aiming to rescue the impaired alveolar protein balance, thereby contributing to repair after ALI. We found that, in AECs, TGF-b treatment reduced the cell-surface abundance of megalin, thus causing decreased uptake of FITC-labeled albumin. The cytoplasmatic domain of megalin contains a PPPSP motif, which represents a GSK3 phosphorylation site and has been revealed to be a major determinant of phosphorylation and subsequent internalization of megalin in vitro (26) . This is in line with our findings that saturating GSK3b by expressing a small peptide consisted of a part of the cytoplasmatic domain of megalin containing the PPPSP motif attenuates the TGF-b-induced decrease in albumin binding and uptake in AECs. Furthermore, we demonstrate that activated or constitutively active GSK3b markedly decreases transepithelial albumin transport. Moreover, we found that PP1 dephosphorylates, and thereby activates, GSK3b in AECs, leading to decreased transepithelial protein clearance. In addition, we demonstrate that genetic or pharmacological suppression of PP1 is Figure 5 . (Continued). represent mean (6SEM). **P , 0.01 (n = 3). At 48 hours after transfection with siNIPP1 or a scrambled siRNA, AECs were serum starved and treated with TGF-b1 or vehicle for 30 minutes and were subsequently exposed to FITC-albumin for 1 hour, and binding (B) and uptake (C) of FITC-albumin were measured. Data represent mean (6SEM). *P , 0.05, ***P , 0.001, ****P , 0.0001 (n = 4-5). (D) AECs were transfected with WT NIPP1 or a forkhead-associated domain variant of NIPP1 (FHA). At 48 hours after transfection, cells were serum starved and treated for 5 minutes with TGF-b1, and phosphorylation status of GSK3b at the Ser-9 residue was assessed by Western blot analysis. Representative immunoblots are shown. Data represent mean (6SEM). **P , 0.01 (n = 3). At 48 hours after transfection with WT or FHA NIPP1, AECs were serum starved and treated with TGF-b1 or vehicle for 30 minutes and were subsequently exposed to FITC-albumin for 1 hour, and binding (E) and uptake (F) of FITC-albumin were measured. Data represent mean (6SEM). **P , 0.01, ***P , 0.001 (n = 4-5).
sufficient to inactivate GSK3b and render transepithelial protein transport unresponsive to TGF-b treatment in primary AECs. As NIPP1 is an important negative regulator of PP1 (35), we demonstrated that silencing of NIPP1 is indeed sufficient to significantly decrease protein binding and uptake by releasing PP1, which in turn activates GSK3b. These effects seem to be unrelated to the transcriptional function of NIPP1, as cells transfected with another NIPP1 variant (forkhead-associated domain), which has a defective transcriptional function, but interacts normally with PP1 (23, 31) , exhibit a WT-like behavior. Therefore, we hypothesized that TGF-b has an inhibitory effect on NIPP1 and, thus, increases free PP1; however, the exact nature of TGF-b1-NIPP1 interaction needs further investigation.
Once the megalin-mediated endocytosis of albumin into the AEC was completed, the protein may either be transcytosed or undergo degradation in the cell. We and others have previously shown that, indeed, both of these pathways are involved in the alveolar epithelial removal of proteins, as both application of cellular vesicular transport inhibitors and specific inhibitors of endo-and transcytosis led to albumin retention in the alveolar space (6, 36, 37) . However, to what extent each of these pathways individually contributes to the transepithelial clearance of excess protein will require further studies.
As TGF-b is critically involved in both the pathogenesis of ARDS and repair of the lung in patients afflicted with ARDS, the inhibition of TGF-b as a therapeutic option is probably not feasible. Therefore, it appears logical to target the more distal, and thus more specific, downstream elements of specific deleterious signaling patterns in ARDS that are mediated by TGF-b. As most phosphorylation events are reversible, PPs are potentially powerful drug targets; prime examples are the PP2B inhibitors, cyclosporin A and FK506, which are clinically used as potent immunosuppressants (32) . However, highly specific cell-permeable inhibitors for the PP1 catalytic subunit are currently not available, and it is doubtful whether such agents could ever be used therapeutically, as they would be likely to inhibit all PP1 holoenzymes (38) . Therefore, we focused our efforts on the pharmacologic inhibition of GSK3b. As a first step to investigating whether inhibition of GSK3b could be employed as a therapeutic tool in vivo, we initially tested the effect of clinically feasible GSK3b inhibitors on transepithelial albumin transport in vitro. VPA is a well described, unspecific inhibitor of GSK3b, and is widely used as an antiepileptic drug (39). However, VPA has a fairly narrow therapeutic window, with side effects including central nervous system depression, liver dysfunction, and teratogenicity (40) (41) (42) (43) . Therefore, we focused on tideglusib, a newly developed GSK3b inhibitor (44) that has recently completed a phase II clinical trial for Alzheimer's disease and has been approved for compassionate use for supranuclear paralysis by the U.S. Food and Drug Administration. Tideglusib was found to be very well tolerated, with minimal side effects (45) (46) (47) (48) . Of note, we find that both tideglusib and VPA result in a robust stabilization of the phosphorylated (inactive) form of GSK3b in AECs and significantly improve transepithelial albumin clearance, even when given after (not only before) TGF-b1 treatment.
Based on our in vitro results, we used a murine model of bleomycin-induced ALI to test the effect of GSK3b inhibition on In ALI, enhanced alveolar concentrations of TGF-b impair megalin-mediated alveolar albumin clearance, resulting in persistence of the protein-rich alveolar edema, which further promotes the pathomechanistic sequel of ALI. The underlying signaling cascade includes the release of NIPP1 from PP1, thereby activating the phosphatase, which, in turn, dephosphorylates GSK3b at Ser-9, leading to activation of the kinase. Activated GSK3b phosphorylates the albumin receptor, megalin, at the C-terminal PPPSP domain and promotes internalization of the receptor, and thus loss of albumin clearance. In contrast, interference with PP1 (siRNA or calyculin) or GSK3b (siRNA or the clinically relevant pharmacological agents VPA or tideglusib) prevents megalin phosphorylation and re-establishes alveolar transepithelial protein clearance, thus promoting ALI resolution. ATI, alveolar epithelial type I cell; ATII, alveolar epithelial type II cell.
macrophage colony-stimulating factor, in patients with pneumonia-associated severe ARDS (49) .
It is important to note that the effects on protein clearance and lung mechanics were comparable between the VPA-and tideglusib-treated animals, as VPA not only inhibits GSK3b, but also HDAC enzymes (50) . It has been suggested that the antiinflammatory effects of VPA may be mediated by HDAC inhibition (51) . However, as tideglusib does not inhibit HDAC, but acts specifically on GSK3b, our results strongly suggest that the improved resolution of lung injury is indeed an effect of increased protein clearance. This was further confirmed by the fact that, in vitro, HDAC inhibition did not affect either protein binding or uptake.
Importantly, GSK3b has diverse effects in various cell types, and, thus, inhibition of the kinase may affect other molecular pathways that are activated in the setting of ALI. For example, it has been recently shown that GSK3b, by inhibition of the AMP-activated protein kinase, leads to activation of neutrophils and macrophages, thus enhancing the severity of ALI (52, 53). Although we have not investigated the role of AMP-activated protein kinase in the current study, we observed no changes in BAL cell counts or differentials after tideglusib treatment. Moreover, it is well established that GSK3b is an integral part of the Wnt signaling pathway (28); however, suppression of b-catenin did not alter epithelial protein clearance. Finally, we also investigated the potential role of Akt in transepithelial albumin transport, as Akt is a known upstream regulator of GSK3b (14) , and found that neither chemical inhibition nor genetic ablation of the kinase influenced protein transit, suggesting that neither signaling pathway was required for the downregulation of albumin transport upon TGF-b exposure.
Importantly, the molecular mechanisms described here may also be at play in other injured absorbing epithelia, such as those of the kidney and the gastrointestinal tract, and in the blood-brain barrier. For example, diabetic nephropathy, a condition that is characterized by significant proteinuria, is well known to be mediated by TGF-b (54) . Moreover, in the kidney, megalin also serves as the primary plasma protein receptor responsible for the proximal tubular uptake of proteins under normal conditions (55) . Thus, it is plausible that the protein loss observed in diabetic nephropathy is at least in part due to the above-described TGF-b-induced and GSK3b-mediated down-regulation of megalin cell-surface stability in the proximal tubules. In addition, aside from protein uptake, megalin function has also been associated with vitamin and cholesterol transport processes in the gastrointestinal tract (56, 57) . Furthermore, megalin-mediated transcytosis of amyloid-b peptide across the blood-brain barrier has been shown to play a central role in the pathogenesis of Alzheimer's disease (58) . Thus, the TGF-b-and/or GSK3b-megalin axis may also be involved in vitamin and cholesterol homeostasis and cognitive function.
Our studies are limited by three important aspects, which will need further attention. First, the bulk of our current in vitro studies were performed in ATII cells. However, ATI cells cover a larger area of the alveolar surface. In a previous study, we have shown that monolayers of ATI-like cells differentiated from ATII cells also express megalin and show megalin-mediated albumin transport velocity comparable to ATII cells (6) . As cell surface stability of megalin is universally regulated by the GSK3b-mediated phosphorylation of the PPPSP domain of the receptor (26), it is highly plausible that the signaling pathway we describe in ATII cells will be identical in ATI cells. Second, although we demonstrate increased alveolar protein retention in megalin 1/2 animals when compared with WT littermates after bleomycin challenge, the exact contribution of megalin to the overall protein clearance rate in this ALI model has not been determined. Future studies are warranted to precisely measure albumin transport rates in vivo in megalin 1/2 mice or ATII and/or ATI cell-specific megalin knockout animals. Finally, more data regarding pharmacokinetics of alveolar deposition and side effects are needed before initiation of clinical trials with the novel GSK3b inhibitor, tideglusib. To date, two phase II clinical trials have been published with this novel drug, both of which found tideglusib safe, with only minor and reversible side effects, even when administered systemically (47, 48) .
In summary, to the best of our knowledge, we describe, for the first time, a unique TGF-b-triggered pathway, which, via NIPP1, PP1, and GSK3b, negatively regulates megalin, the major mediator of alveolar protein clearance (Figures 8A and 8B) . Inhibiting alveolar epithelial GSK3b is an intriguing, novel approach to ARDS therapy, as it directly targets one of the major underlying pathomechanisms of the disease. n Author disclosures are available with the text of this article at www.atsjournals.org.
